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Accurate chromosome
segregation is essential for cell
viability and is performed by a
complex structure called the
spindle. Spindles are primarily
composed of microtubules, and
chromosome movement relies on
the dynamic properties of these
polymers. The conventional view is
that the organization of
microtubules into a symmetric
bipolar spindle is driven by
microtubule-associated proteins
— motor and non-motor
crosslinking proteins — that are
activated by phosphorylation at
the proper time during the cell
cycle [1]. New data [2] have
revealed that poly(ADP-ribose), or
PAR, is required for assembly and
maintenance of bipolar spindles.
These findings indicate that
modification by poly(ADP-ribose)
— PARsylation — is a way of
regulating the activity of spindle
proteins, and raise the possibility
that PAR might have a mechanical
function in spindles.
PAR was identified in nuclear
extracts from cells more than 40
years ago [3]. PAR is rapidly
induced at sites of DNA damage,
where it influences chromatin
structure when affixed to histones
[4]. Recently, PAR has also been
implicated in the regulation of
tissue-specific gene expression by
influencing chromatin structure in a
manner akin to acetylation [5]. PAR
is synthesized by enzymes known
as poly(ADP-ribose) polymerases,
or PARPs. There are as many as 18
genes for PARP-related proteins in
mammals. PARPs transfer ADP-
ribose from the cofactor NAD+ to
glutamic acid residues on specific
target proteins (Figure 1A); they
also catalyze the formation of long,
branching polymers of ADP-ribose,
via ribosyl-ribose glycosidic
linkages, through processive
enzymatic activity [6]. PAR levels in
cells are typically very low as
PARP activity is antagonized by
the enzyme poly(ADP-ribose)
glycohydrolase (PARG), which
releases ADP-ribose from both
PAR and PARsylated proteins
(Figure 1A) [7].
Chang et al. [2] hypothesized
that PAR might regulate spindle
assembly, on the basis of
anecdotal evidence that various
PARPs localize to spindles or
associate with spindle proteins
[4,6,8]. Consistent with this
hypothesis, PAR and PARG both
localize to spindles in frog egg
extracts and mammalian tissue
culture cells. PAR is enriched at
spindle poles and
centromere/kinetochores, but also
throughout the body of the
spindle, particularly in frog egg
extracts (Figure 1B). Importantly,
biochemical fractionation of frog
egg extracts revealed significant
enrichment of PARsylated
proteins on spindles relative to the
total extract.
To test PAR’s suggested
function in mitosis, Chang et al.
[2] added excess PARG to frog
extracts: the consequent
reduction in PAR level did not
alter spindle pole organization,
but it inhibited both the formation
and maintenance of bipolar
spindles by disrupting the
association between half-
spindles. This effect would appear
to be specific to PAR, because
excess PARG is ineffective in the
presence of a PARG-specific
inhibitor, and the same effect is
observed on addition of PAR-
specific antibodies. PAR is thus
critical for establishing and
maintaining spindle bipolarity,
perhaps through stabilizing anti-
parallel microtubule interactions in
the central spindle (Figure 1B).
Lastly, Chang et al. [2]
measured PAR dynamics in
spindles in frog egg extracts using
fluorescently tagged Fab
fragments of PAR-specific
antibodies, at concentrations that
do not perturb spindle bipolarity.
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Mitosis: PARty Time in the Spindle
Poly(ADP-ribose), a post-translational protein modification known to
affect chromatin structure, has now been shown to regulate
microtubule organization during mitosis. These findings alter
conventional views of the mechanisms of spindle assembly and
function.
Interestingly, they found there is
little, if any, dynamic exchange of
PAR in spindles, in contrast to
spindle proteins which exchange
with half-lives of seconds to
minutes. So, with the caveat that
the bound antibody might impair
PAR turnover or exchange, it
appears that PAR is very stable
within the spindle relative to the
spindle’s protein constituents.
What is PAR doing in spindles?
One possibility is that it acts as a
post-translational modification to
regulate the activity of specific
spindle proteins. PAR can be
rapidly attached and removed via
the antagonistic activities of
PARP and PARG, and would
impart a bulky negatively charged
moiety likely to have a significant
effect on protein structure and/or
activity. Thus, PAR can be
viewed in the same context as
protein phosphorylation, the
negatively charged moiety that is
rapidly attached and removed via
the antagonistic activities of
protein kinases and
phosphatases.
There is precedent for PAR
regulating protein function,
because PARP activity is inhibited
by auto-PARsylation. Candidate
PAR-regulated spindle proteins
include the centromere proteins
CENP-A, CENP-B and Bub3,
which associate with PARP-1 and
are known to be PARsylated [8].
Another is the spindle pole protein
NuMA, discussed by Chang et al.
[2]. NuMA associates with the
PARP called tankyrase [9], and
NuMA and tankyrase localize in
remarkably similar ways at spindle
poles in cultured cells [10]. The
field must now address the
obvious question of how
PARsylation affects the function
of these centromere and spindle
pole proteins.
Another, more provocative,
possibility is that PAR plays a
mechanical role in spindles. A
non-microtubule lattice or matrix
has been postulated to contribute
to force generation within spindles
[11], but no protein candidates
have emerged conclusively to fill
that role. As a highly branched
network extending throughout the
spindle, PAR might serve such a
matrix function, but it is doubtful
that PAR itself generates force.
More likely, PAR provides
anchorage sites to immobilize
proteins that exert force on
microtubules within the spindle.
The slow turnover kinetics of PAR
in spindles is consistent with such
a role, and evidence indicates that
the microtubule motor protein Eg5
is anchored to elements in
spindles that are independent of
microtubules [12]. Whether Eg5
associates with PAR in spindles
remains to be addressed.
Moreover, a prediction from such
a matrix model would be that the
loss of spindle integrity induced
by reductions in PAR could be
compensated for by alterations in
force generated by microtubule-
based motors.
One other key question is how
PARP and PARG activities are
regulated to increase PAR in
spindles during mitosis.
PARsylated proteins are enriched
in spindles indicating spatial as
well as temporal control, and, in
principal, localized increases in
PARP activity, decreases in PARG
activity, or both are involved.
Chang et al. [2] suggest
phosphorylation as a control
mechanism for these enzymes,
but both PARP and PARG are
nuclear (or shuttle between
nucleus and cytoplasm), raising
the possibility that the Ran
pathway [13] controls their activity
in the vicinity of chromatin just as
it does for many other nuclear
proteins involved in spindle
assembly. These new results on
PAR provoke so many questions
that it is clear the spindle party is
just getting started.
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Figure 1. Poly(ADP-ribose)
in mitosis. 
(A) PARPs transfer ADP-
ribose from NAD+ to glu-
tamic acid residues on
proteins (X) or existing ADP-
ribose groups, to produce
poly(ADP-ribose) (PAR).
PARGs release ADP-ribose
from both PAR and protein
substrates. (B) PAR (green)
localizes to multiple sites in
mitotic spindles including
spindle poles, spindle
microtubules, and cen-
tromeres/kinetochores. PAR
reduction disrupts spindle bipolarity suggesting a critical role for PAR in stabilizing inter-
actions among anti-parallel microtubules between the half-spindles.
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